As the number of drought occurrences has been predicted to increase with increasing temperatures, it is believed that boreal forests will become particularly vulnerable to decreased growth and increased tree mortality caused by the hydraulic failure, carbon starvation and vulnerability to pests following these. Although drought-affected trees are known to have stunted growth, as well as increased allocation of carbon to roots, still not enough is known about the ways in which trees can acclimate to drought. We studied how drought stress affects belowground and aboveground carbon dynamics, as well as nitrogen uptake, in Scots pine (Pinus sylvestris L.) seedlings exposed to prolonged drought. Overall 40 Scots pine seedlings were divided into control and drought treatments over two growing seasons. Seedlings were pulse-labelled with 13 CO 2 and litter bags containing 15 N-labelled root biomass, and these were used to follow nutrient uptake of trees. We determined photosynthesis, biomass distribution, root and rhizosphere respiration, water potential, leaf osmolalities and carbon and nitrogen assimilation patterns in both treatments. The photosynthetic rate of the drought-induced seedlings did not decrease compared to the control group, the maximum leaf specific photosynthetic rate being 0.058 and 0.045 µmol g −1 s −1 for the drought and control treatments, respectively. The effects of drought were, however, observed as lower water potentials, increased osmolalities as well as decreased growth and greater fine root-to-shoot ratio in the drought-treated seedlings. We also observed improved uptake of labelled nitrogen from soil to needles in the drought-treated seedlings. The results indicate acclimation of seedlings to long-term drought by aiming to retain sufficient water uptake with adequate allocation to roots and root-associated mycorrhizal fungi. The plants seem to control water potential with osmolysis, for which sufficient photosynthetic capability is needed.
Introduction
Drought occurrence in forest ecosystems has received a lot of attention in the scientific community during recent decades, especially due to climate change (Turtola et al. 2003 , Duursma et al. 2008 , Williams et al. 2013 . The increasing temperatures and more frequent weather extremes (IPCC 2007) may cause forests to become vulnerable to prolonged and severe droughts. Boreal forests are believed to be at particular risk due to the long-term effects of climate change (Kirschbaum and Fischlin 1996) as the number of drought occurrences has been predicted to increase with increasing temperatures (Kellomäki et al. 2008) .
Increased drought stress has stirred concern over possible decreases in forest growth and increased tree mortality (Scholze et al. 2006 , Allen et al. 2010 . Tree mortality during drought episodes is generally caused by hydraulic failure (Rice et al. 2004 , Hoffmann et al. 2011 , carbon starvation (McDowell et al. 2008 , Hartmann 2011 or increased vulnerability to pests following the former two (Negron et al. 2009 ). Of these three, the hydraulic failure is linked to discontinuity of water transport in the plant (O'Brien et al. 2014) . This is caused by excessive water loss during the drought when the water uptake by roots is less than transpiration from leaves, possibly leading to cavitation in the xylem (Sperry and Sullivan 1992, McDowell et al. 2008) . To prevent hydraulic failure a plant can regulate transpiration by closing the stomata, but this, in turn, may lead to carbon starvation (McDowell et al. 2008) . As stomata are closed, photosynthesis will become hindered, and water transport is also disturbed, leading to turgor loss in phloem and weakened phloem loading (Sevanto et al. 2014) . The weakened phloem loading prevents carbohydrates from being transported from sources to sinks and downregulated photosynthesis prevents the production of new carbohydrates, causing carbon starvation. Further, the hydraulic failure may occur due to depleted carbohydrate pools, which are important for osmoregulation during the drought (Sevanto et al. 2014) .
Trees have several ways to adapt to drought and counteract its effects on metabolic activities, such as photosynthesis and water and nutrient uptake. These strategies can be divided into drought avoiding and drought tolerating methods (Reddy et al. 2004) . If the plant aims to avoid drought it has to be able to maintain water potential in tissues in dry conditions, and this is usually accomplished with morphological changes, such as reduced leaf area and a more extensive root system (Levitt 1980) . In contrast, drought tolerance denotes that a plant can maintain functioning even at low water potentials (Reddy et al. 2004) . Moreover, Reddy et al. (2004) have noted that drought tolerance may be accomplished with tissue-and cell-specific physiological, biochemical and molecular adaptations, such as accumulating proteins or particular gene expressions. Thus, there seems to be a complex net of mechanisms, both in the environment and in the plants themselves, that interlace and affect the adaptation and survival of plants during drought stress. Consequently, the effects of drought, and the plants' acclimation to it, should be reflected in the plants' carbon balance and allocation of carbon within the plant. For example, previous studies have shown that drought-affected trees are prone to reduced growth (Zhang et al. 1996 , Ibrahim et al. 1997 , Turtola et al. 2003 as well as increased allocation of matter to roots (Ibrahim et al. 1997) . Recent studies have also utilized labelling in determining the effects of drought on carbon allocation (Ruehr et al. 2009 , Hasibeder et al. 2015 , Hartmann et al. 2015 . However, despite nitrogen limitation often controlling plants' carbon assimilation, not quite so many labelling studies have focused on nitrogen uptake. Only very few studies have combined both nitrogen and carbon allocation in drought experiments, and these have focused on topics like heat stress (Mainali et al. 2014 ) and dry-rewetting cycles (Canarini and Dijkstra 2015) .
In this study, we focused on determining the effects of drought stress on belowground and aboveground carbon dynamics, as well as nitrogen uptake, in Scots pine (Pinus sylvestris L.) seedlings subjected to prolonged drought. Four-year-old seedlings were exposed to drought stress for two growing seasons and labelled with gaseous 13 CO 2 . Also, litter bags containing 15 Nlabelled root litter were provided as an additional nitrogen source in the soil. Photosynthesis, root and rhizosphere respiration and water potentials were measured before harvest. After harvesting, we also measured biomass allocation, osmolysis, and 13 C and 15 N distribution in biomass. We hypothesized that the responses to prolonged drought stress aim to sustain water uptake by increasing fine root biomass and sustaining photosynthesis. We expected to observe the effects of drought as lower plant water potentials, increased osmolality and increased carbon allocation to roots. We also expected that the increased carbon allocation to roots would cause increased nitrogen uptake by the seedlings.
Materials and methods

Design of the experiment
A total of forty 4-year-old Scots pine (P. sylvestris) seedlings were collected from a forest opening in a sub-xeric heath forest area belonging to the Vaccinium (VT) forest site type in the Finnish forest site type classification (Cajander 1909) . There was no forest canopy above the seedlings. The site was situated in Hyytiälä, in Southern Finland (61°51′N, 24°17′E), and was underlain by soil developed from glaciofluvial deposits and consisted of a mixture of sand (26%), silt (73%) and a small fraction of clay (1%). The seedlings were collected before the onset of the growing season at the beginning of May 2012. The seedlings were dug up carefully with a shovel to retain undamaged root systems and planted into pots (16.5 cm in diameter and 18.0 cm in depth) containing soil taken from the growing place. The initial height of the seedlings was about 40 cm. During potting four mesh bags (with a mesh size of 40 µm) were placed into each pot for studying the uptake of nitrogen from decomposing root litter. These bags were filled with 168 mg 15 Nlabelled root biomass (1.53 at % 15 N) and 7 g acid-washed mineral soil. The labelled root biomass originated from Scots pine seedlings fertilized with 15 N-riched fertilizer prepared from 10% ammonium nitrate solution (Sigma-Aldrich, St. Louis, MO, USA). The root biomass was dried at 50°C for 24 h and then mixed thoroughly. The mineral soil for mesh bags was taken from the growing site of the seedlings and burned at 550°C for 4 h to remove any organic material. It was then sieved through a mesh of 0.21-0.59 mm and washed twice with 10 L of 0.1 M HCl to dissolve possible nitrogen deposits. The soil was further washed with ultrapure water (Milli-Q) until pH reached the original value of the soil, pH 5.5-6. Seedlings were randomly divided into drought-treated and control groups, with 20 seedlings in each. In addition, pots of bare soil were also divided into the same groups for comparison, with each group having five pots. The drought-treated seedlings were subjected to prolonged drought stress for 15 months, starting from the beginning of June 2012, so that the irrigation was set to maintain soil volumetric water content between 10
Tree Physiology Online at http://www.treephys.oxfordjournals.org and 15% and irrigation started when the volumetric water content decreased below 8%. For the control treatment, the irrigation was set to maintain soil volumetric water content between 15 and 25%. We used an automatic irrigation system controlled with an irrigation monitor GP1 Delta-T (Delta-T Devices Ltd, Cambridge, UK) connected to Thetaprobe ML2x soil moisture sensors (Delta-T Devices Ltd). The volumetric water content was measured at 30-min intervals, and based on the values water was added automatically to pots through magnetic valves and tubes. Manual measurements of soil moisture content were also performed first twice and later once a week using the ML2x soil moisture sensor (Delta-T Devices Ltd) connected to HH2 Moisture Meter (Delta-T Devices Ltd). The mean soil volumetric water content in the control treatment was 34% (varying from 19 to 50%) and in the drought treatment 15% (varying from 0.7 to 26%) from the beginning of January 2013 to July 2013 (Figure 1 ). The wilting point and field capacity of soil were determined from five soil samples collected from both treatments using clay and sand contents (Saxton et al. 1986 ) measured by laser diffraction technique (LS 230, Beckman Coulter Inc., Indianapolis, USA).
In 2012, the seedlings were kept outdoors under a transparent roof and transferred into the greenhouse when the night temperatures reached below freezing point at the end of November. This was done to avoid the repeated freezing and thawing of the roots in the pots. The greenhouse was kept dark at a temperature of 5°C to allow the seedlings to hibernate over the winter until the beginning of February. The seedlings were taken outdoors later in the spring. Measurements for this study were performed during the summer of 2013. Seven out of 20 drought-treated seedlings died during the winter season, leaving 13 drought-treated seedlings to be measured.
CO 2 exchange measurements
To determine the effect of drought on the CO 2 assimilation rates of the seedlings, the CO 2 exchange was measured with a portable gas exchange measuring system GFS-3000 (Heinz Walz GmbH, Effeltrich, Germany) during August 2013. A standard leaf-area cuvette with a measuring area of 4 cm 2 was modified to measure 1-year-old needles by cutting holes through the rubber seal of the cuvette and pulling the needles carefully inside with tweezers. During the measurements, leaf-area was set to 1 cm 2 and later corrected to correspond to the dry mass of the needles inside the cuvette. Measurements were conducted with several light intensities (0, 150, 300, 600, 1000, 1200 and 2000 µmol m −2 s −1 ) and the needles were given 15 min to adapt to the new light level before starting the measurement. The temperature in the cuvette was set to 25°C with a relative humidity (RH) of 65% and flow rate of 650 µmol s −1
. The CO 2 concentration was set to 400 ppm. To avoid sudden precipitation events and following high RH, the CO 2 exchange measurements were performed inside the greenhouse in an area with sufficient natural light. In addition, to minimize the variation in measuring conditions, we measured the seedlings alternating between the treatments, so that after a seedling from the drought treatment, one from the control was measured. The measurements of CO 2 exchange were conducted very close together with the 13 CO 2 labelling experiment to provide baseline data on the CO 2 uptake for the process studies with stable isotopes.
After the measurements, the needles reaching inside the cuvette were cut and stored in airtight bags to prevent transpiration. These were further weighed for fresh mass and after drying at 60°C for 48 h, weighed again to determine the dry mass. Dry mass was used to determine the maximum photosynthetic rate of the needles per dry weight (DW). We used MichaelisMenten model (Eq. (1)) to determine the maximum photosynthetic rate per dry weight of needles (Michaelis and Menten 1913) :
In the equation, P denotes the photosynthetic rate (µmol s
, I is the irradiance (µmol m −2 s 1 ), P max the maximum photosynthetic rate (µmol s
) is the halfsaturation constant. We also calculated the P max of the total needle mass of a seedling by fitting the model for individual seedlings and multiplying this by the needle mass.
Determination of water potential and osmolality of the seedlings
The water potential (Ψ) of the needles was measured with a pressure chamber method (Scholander et al. 1965 , Meron et al. 1987 ) just before the photosynthesis measurements were started in August 2013 and timed around noon to minimize the changes resulting from the diurnal variation. Three needles were selected from different branches of each seedling to attain a mean value and measured right after being picked off the tree. A straight cut was made to a needle inserted halfway into an airtight chamber, where water was forced out of the xylem conduits by pressure, which indicated the tension inside the needle (Taiz and Zeigler 2010) .
Needles and phloem samples were collected and stored in liquid nitrogen for osmometric analyses. The osmolality was measured with cryoscopic osmometer (Osmomat 030 cryoscopic osmometer, Gonotec, Berlin, Germany). The measurements were carried out from old and new needles, as well as from stem phloem and root phloem. The needles and phloem samples were cut and inserted into microcentrifuge tubes (Eppendorf, St. Louis, MO, USA) with filters and then placed into the centrifuge (Heraeus Fresco 17 Centrifuge, Thermo Scientific, Waltham, MA, USA) for 5 min at 12,000 rpm to remove liquids. Resulting liquids were then pipetted into smaller tubes and measured. The time period between sample preparation and measuring was kept as short as possible to avoid breaking of sugar compounds at room temperature.
C labelling of seedlings and isotope analysis
We used a 13 CO 2 pulse-chase labelling experiment to study the allocation of carbon within the plant during the drought.
13
Clabelling was performed by closing five seedlings from each treatment into transparent plastic cuvettes, with a volume of 25 l, equipped with small fans and cold packs for mixing and cooling of the internal air. Following this, 60 ml of gaseous 99% 13 CO 2 was injected into the cuvettes, which were then kept closed for 2 h. This procedure was then repeated daily for a week. Air samples were collected from the cuvettes just after the labelling and after 2 h with 50 ml polypropylene syringes (BD Plastipak, Drogheda, Co. Louth, Ireland) equipped with a 3-way stopcock valve (BD Plastipak). The samples were injected into 12 ml glass vials (Labco, Ceredigion, UK) and analysed for 12 CO 2 and 13 CO 2 with a gas chromatograph coupled to an isotope ratio mass spectrometer (GC-IRMS). Based on the air samples, the CO 2 concentration inside the cuvette decreased from 1000 to 300 ppm from the start of the labelling, in 2 h.
Biomass samples for 13 C and 15 N analyses were collected during the harvesting of seedlings at the end of the experiment. Around 1 g of needles, phloem from the stem, coarse and fine roots were collected into cryotubes and stored in liquid nitrogen. The phloem samples were separated from the hardwood by removing the bark and carefully peeling the phloem of with a knife. All samples were then further freeze-dried and ground into fine powder with a mechanical ball grinder. After grinding, 3 mg of powder was weighted into tin capsules for isotope analyses with elemental analyser coupled to an IRMS (EA-IRMS, Thermo Finnigan Delta XP, Bremen, Germany This can be defined as follows:
where X is the isotope in question, R samp is the isotope ratio of the sample (heavy to light) and R std is the ratio of the international reference standard. The mass of 13 C in different biomass compartments was determined as (Eq. (3)):
where M c is the mass of 13 C in biomass, R samp is the relative abundance in labelled sample, R n is the natural abundance from unlabelled seedlings and M s is the mass of biomass. The recovery rate of 13 C was determined as grams of 13 C found from biomass compared with the grams of 13 C given during labelling.
Root and rhizosphere respiration
At the same time as the 13 CO 2 pulse-chase labelling, root and rhizosphere respiration was also measured from the growing pots with the alkali adsorption method (Witkamp 1966 , Bekku et al. 1997 . The pots were placed inside airtight containers with air pumps and glass flasks (0.25 l in volume) filled with 1 M NaOH, which was used to collect CO 2 . The CO 2 was collected by pumping air through trapping solution with aquarium pumps (Sera precision air 275 R plus, Heinsberg, Germany) at 4.5 l min −1 flow rate. The trapping solution was changed to a fresh one every 12 h to avoid saturation with CO 2 . After bubbling, the flasks with NaOH solution were closed with airtight rubber septa and CO 2 was precipitated with barium chloride. This precipitate was first centrifuged, then air-dried and weighed. The respiration was calculated based on the mass of the precipitate and the bubbling time. The 13 C of the precipitate was also measured with EA-IRMS to estimate carbon allocated to respiration. In addition, net CO 2 exchange of a seedling was then based on photosynthesis on the light intensity of 600 µmol m −2 s −1 and root respiration (Eqs (4) and (5)):
where P ex is the CO 2 exchange (µmol s −1 ), P 600 the photosynthetic rate of the seedling (µmol s
) at the light intensity of 600 µmol m −2 s −1 and R root is the root respiration µmol s −1 (Pumpanen et al. 2009 ), which was calculated as follows:
where R root is the root respiration, R total is the respiration from the pot with seedling (µmol s −1 ) and R soil is the respiration (µmol s −1 ) of the pot containing only soil, no seedling (Eq. (5)).
The light intensity of 600 µmol m −2 s −1 was chosen because it represented the daily average light intensity during the pulselabelling experiment and photosynthesis measurements in July 2013, based on continuous light intensity measurements at the meteorological measurement station located at the Kumpula campus of the University of Helsinki.
Harvesting of samples for biomass distribution
We calculated the mean biomass distribution in both treatments based on dry masses of the seedlings. For this the stems, branches, fine roots, coarse roots, new and old needles were collected, weighed and stored in paper bags. The root system was separated from the soil, washed with water, and fine root and coarse roots were separated. All the samples were further oven-dried at 60°C for 48 h and finally weighed again to determine the dry mass. Biomass distribution was used to compare biomass allocation patterns between the drought-treated seedlings and control seedlings. Also, fine root-to-needle ratio was calculated as the dry mass of fine roots divided by the total biomass of needles and fine root-to-shoot ratio was calculated
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Data analyses
The Michaelis-Menten model was fitted to the data with Python programming software. For statistical analyses, we used SPSS 24.0 (IBM Corporation, Armonk, NY, USA). The data was divided into control and drought-treated groups. All data was tested for normality with Shapiro-Wilk's test. Further, Levene's test was used to determine whether the variances were equal. Independent samples t-test for equality of means was used to determine statistical significances at the 95% confidence level between drought-treated and control groups. For P max and biomass we used the Mann-Whitney U test, because they did not meet the requirements for parametric tests.
Results
Drought-induced allocation patterns in biomass
About 35% of the drought-treated seedlings died during the winter. The total mean biomass of the drought-treated seedlings was lower (34.2 g DW, SE ± 6.53) than of the control (55.5 g DW, SE ± 7.93) (P = 0.040) (Figure 2 ). When divided in to aboveand belowground parts; the aboveground biomass was significantly higher for the control treatment (P = 0.020) than for the drought treatment, but there was no difference between belowground biomasses. In individual parts, the biomasses of stems (P = 0.036) and old needles (P = 0.007) were significantly lower in the drought seedlings compared with the seedlings in the control treatment. However, in coarse roots (P = 0.080), fine roots (P = 0.768), new needles (P = 0.457) and branches (P = 0.191) there was no significant difference. Also, the fine root-to-needle ratio was 40% higher in the drought treatment than in the control, but the difference was not quite significant (P = 0.061) (Figure 3) . Furthermore, the fine root-to-shoot ratio in the drought treatment was 36% higher than that in the control (P = 0.016).
Effect of drought on photosynthesis and root and rhizosphere respiration
There was no difference in the photosynthesis rates between the treatments. The maximum photosynthetic rates (P max ) were 0.058 (SE ± 0.007) and 0.045 (SE ± 0.006) µmol g −1 s −1 per dry weight of needles (P = 0.252) in the drought and control treatments, respectively (Figure 4) . When calculated over the whole seedling, the average P max of the seedlings was 0.404 (SE ± 0.073) µmol s −1 and 0.841 (SE ± 0.294) µmol s −1 in the drought and control treatments, respectively (P = 0.252). Root and rhizosphere respiration was higher in the drought treatment compared with that of the control ( Figure 5 ) (P = 0.011). The mean root and rhizosphere respiration of a seedling for the drought treatment was 0.031 µmol s −1 (SE ± 0.0005) and 0.029 µmol s −1 (SE ± 0.0003) for the control. Root and rhizosphere respiration was 10 and 5% of the photosynthesis measured at the light intensity of 600 µmol m −2 s −1 in the drought and control treatments, respectively. The net CO 2 exchange at 600 µmol m −2 s −1 light intensity was 0.240 (SE ± 0.041) µmol s −1 for drought and for 0.522 (SE ± 0.230) µmol s −1 for control, with no statistical difference ( Figure 5 ).
Leaf water potential and osmolality
The pressure chamber measurements ( Figure 6 ) revealed that on average the drought treatment had lower water potential inside the needles (−873 kPa (SE ± 150), P = 0.002) than the control treatment (−413 kPa (SE ± 190)). The highest potentials measured for the drought and control treatments were −633 and −317 kPa, respectively, whereas the lowest values were −1233 and −567 kPa. During the measurements PAR varied around 400-600 µmol m −2 s −1 and RH around 60-75%.
The mean osmolalities of the drought treatment were greater than those in the control treatment in the old needles (P = 0.002), phloem (P = 0.019) and root phloem (P = 0.011), but in the new needles the differences between treatments were not statistically significant (Figure 7 ).
Distribution of 13 C and 15 N
There were no statistically significant differences in the δ 13 Cvalues of individual plant compartments between the treatments in the pulse-labelling was recovered in the biomass and root and rhizosphere respiration in the drought and control treatments, respectively ( Figure 9 ). Most of the assimilated 13 CO 2 was found in the fine roots, 18% (SE ± 5.5) and 7.0% (SE ± 2.4) in the control and drought treatments, respectively. When the relative distribution of the assimilated 13 C to different compartments was compared between the control and drought treatments, no statistically significant differences were observed, except for the previously mentioned total amount of assimilated carbon (P = 0.044) and soil respiration (P = 0.030) (Figure 9 ). The δ 15 N values of new needles in the drought treatment were significantly higher (P = 0.035) than those of the control treatment ( Figure 10 ). Such a difference was not found in the old needles. The mean δ 15 N value for the new needles in the drought treatment was 5.91 (SE ± 1.46) and 1.99 (SE ± 0.90) for the control, whereas old needles had values of 3.94 (SE ± 1.79) and 1.37 (SE ± 0.92), respectively. Drought treatment also had a higher total nitrogen concentration in the new needles than control treatment (P = 0.034) and there was no statistical difference between older needles.
Discussion
The drought induced on Scots pine seedlings in this study had effects on biomass and nitrogen allocation, as well as on root and rhizosphere respiration. The drought stress was at the maximal level for Scots pine seedlings as 35% of the drought-treated seedlings, but no control seedlings, died during the wintering period. However, the drought did not decrease photosynthesis compared with the control treatment. Photosynthesis is affected by several mechanisms during drought. According to Kellomäki and Wang (1996) the decline in photosynthesis with decreasing leaf water potential, at the early stages of drought, results from the decrease in stomatal conductance (stomatal limitation), whereas non-stomatal limitation of photosynthesis occurs during severe water stress. The stomatal limitation decreases photosynthesis by decreasing the CO 2 diffusion into the leaf, whereas the non-stomatal limitation (or mesophyll limitation) includes decreases in the biochemical processes of photosynthesis, such as the enzyme activities related to the Calvin cycle. One example of this is the ribulose-1,5-bisphosphate regeneration capacity (Arulanantham et al. 1990 ). These two acclimation mechanisms respond to drought at different time scales; the stomatal conductance responds quickly to decreasing water potential, while non-stomatal processes respond more slowly (Flexas and Medrano 2002) . Kellomäki and Wang (1996) also observed that while water potential is above −1.0 MPa, stomatal limitation tends to dominate photosynthesis rates, whereas below that it becomes dominated by mesophyll limitation. Most of our drought-treated seedlings can be placed within the above −1.0 MPa category. Therefore the possible limitation to photosynthesis should have come from the stomatal pathway. However, it appears that the seedlings were able to overcome the effects of decreasing stomatal conductance and use other acclimation mechanisms to survive. One could also argue that the drought treatment in our experiment was not severe enough. However, the soil water content in the drought treatment was most of the time above the wilting point (9.6% for drought) and clearly less than field capacity (32.2%), and also below that of the control treatment during the experiment. It was also low enough to kill seven of the seedlings.
Even though our results somewhat contradicted previous findings (Brix 1962 , Zhang et al. 1996 , Ruehr et al. 2009 ) where drought has been perceived as an inhibiting factor for the leaflevel photosynthetic rate, the previously mentioned limitations could also explain these differences. Our drought treatment was relatively long (over two growing seasons) compared with some other studies that focused more on the short-term effects of drought, such as Ruehr et al. (2009) and Klein et al. (2011) . This would naturally bring about some differences in the results between our experiment and previous studies, as drought progresses in stages (Kim et al. 2012) . In longer, progressive experiments the seedlings have more time to acclimate to the conditions compared with short-term experiments. Whereas long-term acclimation was observed, for example, in the biomass distribution, the short-term effects were not as strongly present in our study, i.e., stomatal conductance did not appear to limit the needle-specific photosynthesis of the drought-treated seedlings significantly, while the limitation on the whole-seedling level appeared to be caused also by the reduced needle mass. Also, the mentioned short-term effects, related to the gas exchange of individual needles, may vary rapidly depending on the intensity of the drought. Even though the assimilation rate has been found to decrease in the shorter experiments with perhaps more intense onset of the drought (Brix 1962 , Zhang et al. 1996 , Ruehr et al. 2009 ), it might not be so in longer, gradually progressing drought if the seedling is able to keep up other vital factors for photosynthesis, including Rubisco content. Further, it has been previously suggested by Susiluoto and Berninger (2007) that the biochemical capacity of light-saturated photosynthesis per leaf area increased under drought, as increased root biomass would lead to higher nitrogen allocation to leaves, leading to higher light use efficiency and photosynthetic capacity. Additionally, different results between studies may also arise with differing leaf morphologies, especially between species, though it has also been reported that Scots pine is a species prone to decreased assimilation rates during drought (Pearson et al. 2013) . However, it has also been found that a previous exposure to drought increased the chance of survival for Scots pines (Seidel and Menzel 2016) . It is then possible that our drought-induced seedlings were well acclimated to scarce water reservoir by the time of the photosynthesis measurements.
The seedlings in the drought treatment had significantly lower water potential in the needles than those of the control treatment, as has also been found in previous studies (Panek and Goldstein 2001) . Further, the water potential measurements in this study seem to be in line with those of osmolality. The drought treatment had higher osmolalities than the control. Because of the role of the osmolytes in a plant cell, the assimilation rate and osmolytes could be linked. As osmolytes regulate the opening of guard cells (Roelfsema and Hedrich 2009) , which affects the inflow of CO 2 for photosynthesis, and as plants strive to accumulate osmoprotectants under the drought stress (Reddy et al. 2004) , the assimilation rate has to be high enough to fulfil the increased need for the production of osmolytes. This is in agreement with the unhindered maximum leaf-specific photosynthetic rates found in the drought-stressed seedlings in our experiment.
While light-saturated photosynthetic rates did not decrease with drought, the drought treatment showed a decline in growth. This seems contradictory, but shows a more effective photosynthetic apparatus at the leaf-level with distinct allocation pattern. Decline in growth may result from the somewhat reduced needle biomass in drought-stressed seedlings, which may in the long run cause the observed decrease in growth. The aboveground biomass has been previously found to be related to the survival rate of the seedlings (Seidel and Menzel 2016) and seedlings have been found to trade growth for drought survival (Bennet et al. 2015) . In our study this can be seen in the higher total biomass of the control treatment, lower death rate and more accurately in the aboveand belowground distribution of the biomass. While the aboveground biomass of the control treatment was significantly higher than that of the drought treatment, the belowground biomass did not differ significantly between the treatments. Thus, the seedlings in the drought treatment have allocated relatively more carbon into the belowground biomass. In addition, the fine root-to-shoot ratio was higher in the drought treatment. This indicates that the seedlings were forced to prioritize acquiring water through a larger root network over larger leaf area to accumulate photosynthates, also observed, e.g., by Klein et al. (2011) and Ibrahim et al. (1997) . As building a larger root network requires greater allocation of resources to roots, it could have created a sink demand (Susiluoto and Berninger 2007) that required the needles in the drought treatment to upregulate their photosynthetic rate. Increased soil respiration also supports this explanation of increased belowground carbon allocation and turnover.
Even though we found no significant differences in the 13 C allocation, the higher fine root-to-shoot ratio of the drought-treated seedlings indicates higher allocation of carbon to roots by drought-treated seedlings. In relation to the unchanged photosynthetic rate, this could suggest that the seedlings either tried to maintain higher fine root biomass or higher osmotic potential with
Tree Physiology Online at http://www.treephys.oxfordjournals.org higher osmolalities, or perhaps both. The observation that root and rhizosphere respiration in the drought treatment did not decrease compared with control, but rather increased, is opposed to some other studies, including Ruehr et al. (2009) . The reason for the higher root respiration in the drought treatment is assumedly the relatively increased allocation to belowground biomass of the drought seedlings, as root and rhizosphere respiration forms a substantial proportion of belowground respiration and can constitute about 30-70% of the total belowground respiration (Bowden et al. 1993 , Hanson et al. 2000 , Bond-Lamberty et al. 2004 . The increased soil respiration could also be observed as a larger proportion of root and rhizosphere respiration compared with the net CO 2 assimilation in the drought treatment.
Also, the observations concerning the 15 N support the assumption related to increased belowground allocation in the droughtinduced seedlings. The drought treatment had significantly higher δ 15 N values in the new needles compared with the control. Also, the needles in total (new and old together) had more 15 N in the drought-treated seedlings than in the control. Therefore, it would seem that the drought-treated seedlings have been efficient in their nitrogen uptake from soil despite the drought. This observation indicates that as the drought-treated seedlings gained more nitrogen, they were able to maintain efficient photosynthetic capacity of the needles and osmolalities within cells. One possible mechanism for the observed nitrogen uptake is the increased activity of ectomycorrhizal fungi that have been shown to be able to obtain nitrogen from organic sources and deliver it to the host plant (Heinonsalo et al. 2015b) . Ectomycorrhizal fungi have also been shown to be important for plants' water economy (Lehto and Zwiazek 2011, Heinonsalo et al. 2015a ).
Summary and conclusions
We studied the response of Scots pine seedlings to prolonged drought based on the general hypothesis that the trees subjected to drought try to sustain their water uptake by increasing the amount of fine roots and keeping up sufficient photosynthesis. This hypothesis was confirmed and reflected by the carbon allocation pattern between the aboveground and belowground parts of the seedlings. Opposed to other studies, we observed no significant decline in the needle-specific photosynthetic rate (per g DW) of the drought-treated seedlings, showing that the photosynthetic apparatus might be able to acclimate to dry conditions over time. Also, in agreement with other studies, we observed lower allocation to aboveground biomass. This again indicates acclimation to long-term drought by aiming to sustain sufficient water uptake and needle mass by focusing on belowground allocation. We conclude that the seedlings suffering from a longterm drought may avoid hydraulic failure and carbon starvation by sustaining photosynthesis, keeping up fewer needles, and allocating resources to an extensive root system and mycorrhizal fungi. This is also supported by increased uptake of nitrogen from 15 N-labelled root litter to the needles in the drought-treated seedlings. As our results from a study lasting two growing seasons somewhat contradicted the results from previous shortterm drought experiments, it seems evident that further longterm drought experiments, maybe with variable drought-wet cycles, are needed to better understand the effect of more frequent drought periods on boreal forest trees and ecosystems.
